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HEAT-TRANSFER AND PRESSURE MEASUREMENTS FROM A FLIGHT 
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INTERCONTINENTAL BALLISTIC  MISSILE UP 
TO A MACH NUMBER OF 3.95 AND 
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OF 23 x lo6 
COORD. NO. A F - ~ " 7 0  
By John  B.  Graham,  Jr ., Leo T. Chauvin, 
and  Katherine  C.  Speegle 
Boundary-layer  transition  and  heat-transfer  measurements  were 
obtained  from a flight  test  of a 1/18-scale  model of the  Titan  inter- 
continental  ballistic  missile  up to a Mach  number  of 3.95 and a Reynolds 
number  per  foot  of 23 x lo6. Boundary-layer  transition  was  observed  on 
the  nose  of  the  model.  Available  theories  predicted  heat-transfer  coeffi- 
cients  reasonably  well  for  the  fully  laminar  or  turbulent  flow  conditions. 
The  drag  coefficient  of  the  configuration  was  also  obtained  for  Mach
number  range of 1.25 to 3.75. 
INTRODUCTION 
The  performance of all  flight  vehicles is  directly  dependent  upon 
their  structural  weight.  This is especially  true  in  the  case of the 
long-range  ballistic missile such as the  Titan.  When  the  structural 
requirements and therefore  the  weights  are  determined  for  vehicles x . ,, . r  j 
x,-+ ' .... . /' - ' '" -."".a 
t r ave l ing  a t  supersonic  veloci t ies ,  the aerodynamic heating must be con- 
sidered since the material s t rength i s  a function of the temperature. 
Because of the several  geometr ic  t ransi t ion regions on the f irst  and 
second stages of the Titan,  the local  condi t ions and consequently the 
hea t ing  a re  d i f f icu l t  to  es t imate .  Therefore  in  order  to  de te rmine  i t s  
heating rates dur ing  f l igh t ,  the  A i r  Force has requested the National 
Advisory Committee for Aeronautics t o  conduct f l i g h t   t e s t s  of 1/18-scale 
models of t h i s  miss i le .  These tests w i l l  provide data to confirm theo- 
r e t i c a l  and empirical  heat-transfer relationships used in the existing 
design of t h i s  vehicle .  
During the ascent  of the Titan vehicle,  maximum heating of the fuse- 
lage i s  experienced a t  the  approximate alt i tude of 75,000 f e e t  and a 
Mach number of 3.0.  The purpose of t he  p re sen t  t e s t  i s  to  obtain heat-  
t ransfer  da ta  from f l i g h t  tests of a scale  model f o r  which Mach numbers 
and Reynolds numbers are approximately equal to t h a t  of t he  fu l l - s ca l e  
Ti tan  for  which aerodynamic heating i s  a maximum. 
The Mach number range for which data  were obtained was from 1.0 
t o  3.95 and the corresponding free-stream Reynolds number per foot ranged 
from 6.60 x lo6 t o  23 .l5 x 106.  The f l i g h t   t e s t  was conducted a t  t h e  
Langley P i lo t l e s s   A i rc ra f t   Resea rch   S t a t ion   a t  Wallops Island, V a .  
SYMBOLS 
pz - Po3 cp = 
cP 
9, 
spec i f ic  hea t  of air a t  constant pressure, Btu/slug-% 
C spec i f ic   hea t  of Inconel,  Btu/lb-% 
P,W 
Z distance  along  surface from stagnation  point,  f t  
H a l t i t u d e ,  f t  
h heat- t ransfer   coeff ic ient ,   Btu/sec-sq ft-% 
M Mach  number 
NPr Prandt l  number 
NSt Stanton number, h/cppV 
RF 
pressure,  lb/sq  in. 
dynamic  pressure,  lb/sq  in. 
Reynolds  number , pVZ /p 
recovery  factor, Taw - TZ 
Ts - T2 
T temperature, OR 
t time,  sec 
V velocity,  ft/sec 
X distance along skin from model station 0, in. 
CL viscosity  of  a r,slugs/ft-sec 
P density,  lugs/cu  ft
7 thickness, ft 
Subscripts : 
1 ba.sed  on 1 foot 
aw  adiabatic  wall
2 outside  boundary  layer
S stagnation 
w pertaining  to wall
m free  stream 
MODEL 
The  model  used  for  this  test  was a 1/18-scale  model  of  the  Titan 
intercontinental  ballistic  missile (ICBM) designed  by  the  Martin  Company  of 
Denver,  Colorado.  Photographs  of  the  test  model  are  presented in figure 1, 
and a sketch  of  the  complete  test  model  and  model  nose  detail,  showing 
pressure  pickups  and  thermocouple  locations, is presented  in  figure 2. The 
outer  skin  of  this  model  was  constructed  of  0.032-inch-thick  Inconel  and 
had a surface  roughness  on  the  order  of 8 microinches.  Skin  thickness 
4 
measured  at  the  temperature  measurement  stations  are  given  in f gme 2( a) . 
The  nose  shape  used  for  this  test  was  designated  by  the  manufactllrer  as 
P-200, the  coordinates  of  which  are  presented in  figure 2(b). Pressure 
tubes  and  thermocouples  were  welded  to  the  Inconel  skin. A cylindrical 
0.050-inch-thick  aluminum  alloy  inner  shell  was  used  as a radi tion 
shield. 
The  test  model  was  attached  to  the  forward  end  of a Cajun  rocket 
motor.  The  fins  had an area  of 0.885 square  foot  per  panel  and  were 
constructed  of  0.38-inch-thick  magnesium  alloy. A sheet  of  0.031-inch 
Inconel  was  wrapped  around  the  leading  edges  of  the  fins,  extended 
about 2.5 inches  back  from  the  leading  edge,  and  was  fastened  to  the 
magnesium.  The  use  of  Inconel  with  its  high  melting  temperature  and 
the  increase  in  the  leading-edge  radius  and mass near  the  leading  edge 
were  necessary  to  prevent  failure  of  the  fins  from  aerodynamic  heating. 
INSTRUMENTATION AND TESTS 
The  model  was  instrumented  with  the  NACA  10-channel  telemeter.  One 
channel  was  xsed  in  transmitting  temperature  data  from  12-skin  thermo- 
couple  stations  along  the  body  and  nose  at  stations  shown  in  figure 2(a).
These  measurements  were  commutated  during  flight  at  such a rate that  every 
measurement  was  sampled  at  about  every 0.2 second.  The  thermocouple  wire 
was No. 30 iron-constantan. 
Seven  channels  were  used  to  transmit  continuous  readings  of  pressures 
measured  at  the  stations  indicated  in  figure 2( a) . Each  pressure  orifice, 
wLth  the  exception  of  the  stagnation-pressure  orifice,  was  located  dia- 
metrically  opposite a thermocouple.  The  stagnation-pressure  pickup mal- 
functioned;  therefore,  no  data  from  it  are  presented. Two channels  were 
used  to  transmit  longitudinal  accelerations. 
The  nodel  was  launched  at  an  elevation  angle of 67O 38’ with  respect 
to  the  horizontal.  The  Cajun  booster  accelerated  the  model  to a Mach  num- 
ber  of 3.95 at an altitude  of 4,000 feet.  Atmospheric  and  wind  conditions 
were  measured  by  radiosonde  balloons  launched  near  the  time  of  flight  and 
tracked  with a Rawin  set AN/GMD-lA. Velocity  data  were  obtained  by  means 
of CW Doppler  radar  unit,  and  altitude  and  flight-path  data  were  measured 
with an NACA  modified SCR-584 space  radar  unit.  Free-stream  temperature, 
pressure,  and  density  related  to  model  flight  time  are  shown  in  figure 3,
and  free-stream  Mach  number  and  Reynolds  number  per  foot  are  plotted 
against  time  in  figure 4. 
DATA REDUCTION 
During the f l i g h t   t e s t  of the model, the following information was 
obtained as a function of f l i g h t  time: 
(1) Atmospheric propert ies  and a l t i t u d e  ( f i g .  3 )  
( 2 )  Free-stream Mach  number and Reynolds number ( f i g .  4) 
( 3 )  Pressure  coef f ic ien t  ( f ig .  5 )  
(4 )  Skin-temperature measurements ( f i g .  6) 
From measured wall temperatures,  f l ight conditions,  and measured 
or calculated pressures, Stanton numbers Nst = - were obtained by 
using the fol lowing relat ion:  
CpPV 
Heat losses  due t o  conduction and radiation were found t o  be negligible 
when compared with the heat transfer caused by convection. The skin 
thickness -rW was measured and the density 4~ of the Inconel was 
known. The spec i f i c  heat of  Inconel  cp,w i s  given in  re ference  1 as 
a function  of  temperature. The adiabat ic  w a l l  temperature T, was com- 
puted from the r e l a t ion  
T, = RF(T, - T ~ )  +' T~ 
where the recovery factor RF was determined  from the usual  turbulent  
r e l a t i o n  RF = '13 with  Prandt l  number evaluated a t  the  wall tempera- 
ture. Measured NPE s i n  temperatures of the present test have a probable 
e r r o r  of f2'. The accuracy of the heat-transfer coefficients obtained 
from f r ee - f l i gh t  data i s  discussed in appendix A of reference 2 .  
The loca l  condi t ions  for  the tes t  model were obtained by using the 
pressure measurements and normal-shock relat ions of  reference 3 .  
6 
RESULTS AND DISCUSSION 
Pressure Measurements 
The measured pressures (expressed as pressure coeff ic ients)  on the 
body are shown i n   f i g u r e  5 as a function of Mach number for  both the 
accelerat ing and decelerating periods of f l ight .  Locat ions of the pres- 
sure s t a t ions  are given in  f igu re  2 (a ) .  A l so  in  f igu re  5 are presented 
some unpublished wind-tunnel data. The wind-tunnel pressure coefficients 
were obtained from pressure measurements on the same configuration as 
the  f ree- f l igh t  model and a t  Mach numbers of 1.56, 2.29, 2.98, and 3.96. 
The wind-tunnel data agree wi th  the measured flight data and substant ia te  
the accuracy of the f l i g h t  measurements. In  f igu re  5(a), pressure coeffi-  
cients  (designated Cp2, Cp3, and C& ) obtained from  measurements made 
a t  pressure  or i f ice  s ta t ions  P2,  P3, and P4, respect ively,  for  the nose 
conical  sect ion (1l0 semiangle) are given and these coeff ic ients  are com- 
pared with those obtained from the conical and Newtonian theor ies .  
Figure 5(b) presents  the pressures measured on the body ( a t  pressure 
7 o r i f i c e  s t a t i o n  P5) and on the  flare (pressure  or i f ice  s ta t ions  P6 and P ) .  
A s  i nd ica t ed  in  the  figure, the coef f ic ien ts  for  s ta t ions  P6 and P7 are 
i n  better agreement wi th  the conical theory a t  higher Mach numbers and 
increase toward the wedge theory a t  lower Mach numbers. Pressure measure- 
ments made on a loo flare (refs. 4 t o  6) have also indicated this same 
trend. 
Heat Transfer 
The var ia t ion  of  measured wall temperature with time i s  presented 
i n   f i g u r e  6 f o r  a l l  thermocbuple stations except station T2 fo r  which no 
data  were obtained because of thermocouple failure. The sudden f l a t t en ing  
of the temperature curves for thermocouple s t a t ions  T3 t o  T6 after 3.5 sec- 
onds i s  due t o  t r a n s i t i o n  from turbulent to laminar flow. This condition 
can be seen i n   f i g u r e  7 where the  measured heat-transfer coefficients 
(expressed as local  Stanton number Nst) are presented as a function of 
distance along the body from the s tagnat ion  poin t  to  the measurement 
station. Also shown i n  t h i s  f igure are the l o c a l  Reynolds number, Mach 
number, and r a t i o  of wall temperature to  loca l  s ta t ic  tempera ture .  These 
parameters were computed by using Newtonian theory for  the local  pressure 
a t  s t a t ion  Tl and the  measured pressures for a l l  s ta t ions except  s ta t ions T9 
and T10. A t  these s t a t ions  it was assumed that  the  local  pressures  were 
e q u a l  t o  the free-stream static pressure.  Tabulated data p e r t i n e n t  t o  
the tes t  are given i n  tables I fo r  a l l  thermocouple locat ions.  
Figures 7(a) to  7(c)  present  the  hea t - t ransfer  data f o r  the e a r l i e r  
port ion of t h e  f l i g h t  and indicate  that  t ransi t ion occurs  on the conical 
nose section. The data along the cyl indrical  sect ion of the body i s  con- 
siderably lower than the Van Driest turbulent theory of reference 7 which 
is  based on the length from the stagnation point and local  condi t ion.  
These large differences from theory have a l s o  been observed in  re ference  8 
where heat- t ransfer  measurements were made along a hemisphere cylinder.  
I n  f i g u r e s  7 ( d )  t o  7 ( g ) ,  laminar flow ex i s t s  on the nose except for 
a region a t  x = -1.0 inch a t  a meridian angle of 270° where the  data 
shows a turbulent  level .  This resu l t  can  a l so  be observed in  f igu res  6(a) 
and 6(b) .  Defini te  signs of laminar flow are shown at  s t a t ions  T1 t o  T6, 
whereas a t  s t a t i o n  T7 the flow appears t o  be turbulent .  This region of 
turbulence appears t o  have been caused by some local disturbance. In 
f igure 7(g)  th i s  turbulent region seems t o  have grown i n  such a way as 
t o  influence the data a t  s t a t ion  T6 a t  a meridian angle of 200°. The 
data a t  this s t a t i o n  show a considerable increase from the laminar level.  
Figure 7(h)  shows that t r ans i t i on  has moved forward and the flow at  a l l  
s ta t ions except  s ta t ion T1 i s  turbulent .  The measurements in  f igures  7(g)  
and 7(h) a re  shown t o  b e   i n   b e t t e r  agreement with theory along the cylin- 
der than  for  the earlier portions of the flight. 
Drag Measurement 
Drag coef f ic ien ts  for  the complete configuration were obtained 
during the decelerating portion of the flight and are presented  in  f ig-  
ure 8 as a function of free-stream Mach number. In  order  to  evaluate  
the drag coeff ic ient  of the Ti tan model, the base drag, and the drag for 
the Cajun rocket motor, fins, and antenna had t o  be obtained either experi- 
mentally o r  calculated.  Drag of the Cajun rocket motor and f i n s  were 
obtained from reference 9, and the base drag from reference 10. The 
drag  coef f ic ien t  for  the Ti tan model shown i n   f i g u r e  8 i s  based on an 
area of 0.2483 square foot and excludes the base drag. 
.. ~ 
CONCLUDING REMARKS 
F l igh t  tests have been made of a 1/18-scale model of the Titan 
missi le  up t o  a Mach number of 3.95 and a Reynolds number per  foot  of 
23 x lo6. Boundary-layer t r ans i t i on  was observed on the  nose of the 
model and heat transfer on the body was i n  fair agreement w i t h  theory 
when the flow was e i t h e r  f u l l y  laminar or  fu l ly  turbulen t .  Drag coef f i -  
c i en t s  were also obtained for a Mach  number range of 1.25 t o  3.75. 
Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field,  Va., December 3, 1957. 
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TABU I. - TEST DATA - Continued 
























































































































9 - 760 
8.657 
7.664 
20.89 x 10-4 



















































































TABU 1.- TEST DATA - Continued 
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TABU I. - TEST DATA - Continued 
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TABU I.- TEST DATA - Continued 
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TABU I.- TEST DATA - Continued 
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TABLE I.- TEST DATA - Continued 
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TABU I.- TEST DATA - Continued 
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!CAEiLE I.- TEST DATA - Concluded 
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(a) Complete configuration. 





(b) Nose detail. 
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(a) Stations 2 to 4. 
Figure 5.- Pressure coefficient. 


















(b) Stations 5 to 7 .  
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(a) Thermocouple stations TI 
Figure 6 .- Skin temperature time 
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(b) Thermocouple stations T4 to T7. 
Figure 6. - Continued. 
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(c)  Thermocouple  stations T8 to Tu. 
Figure 6. - Concluded. w P 
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Figure 7.- Variation of local  Stanton number, Reynolds number, Mach 
number, and r a t i o  of w a l l  temperatures t o   l o c a l  telnperature along 
the  body for  severa l  Mach numbers. 
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(b) t = 2.5 sec; M, = 3.37; and Rml = 20.34 x LO . 6 : 
Figure 7. - Continued. 
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( c )  t = 3.0 sec; M, = 3.95; and Rml = 22.93 x lo6. 
Figure 7.- Continued. 
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Figure 7.- Continued. 
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Figure 7.- Continued. 
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Figure 7.- Continued. 
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(g) t = 6.0 see; M, = 2.26; and ' R  = 10.79 x lo6. *l 
Figure 7.- Continued. 
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(h) t = 8.0 sec; M, = 1.72; and R = 6.91 x lob. wl 
Figure 7.- Concluded. 
Figure 8.- Drag  coefficients  for  complete  configuration  and  Titan  based  on an area of 
0.2485 square  foot. 
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and Katherine C .  Speegle 
ABSTRACT 
Boundary-layer t r ans i t i on  and heat- t ransfer  measurements were 
obtained from f l i g h t   t e s t  of a 1/18-scale model of the Ti tan  in te r -  
con t inen ta l   ba l l i s t i c  missile up t o  a Mach number of 3.95 and a Reynolds 
number per  foot  of 23 x 10 . Boundary-layer t r a n s i t i o n  was observed on 
t h e  nose of t he  model. Available theories predicted heat-transfer coeffi- 
cients reasonably well fo r  the fully laminar or turbulent flow conditions. 
Drag coef f ic ien ts  of the configuration were also obtained for  a Mach n u -  
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